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Abstract
Isotope and charge eﬀects on vibronic coupling constant (V) and energy gradient (g) of ethylenedioxy-tetrathiafulvalen
(EDO-TTF) upon the electron injection into cation and electron removal from neutral molecule are investigated. It is
found that normal modes which include C=C stretching motion generally have large V and g. For electron removal,
three normal modes (ν046, ν047, and ν048) have large V+i and g+i , and deuteration results in decrease of V+46 and increase of
V+47. For electron injection, five normal modes (ν+42, ν+44, ν+45, ν+47, and ν+48) have large V0i and g0i and deuteration results
in increase of V045 and V
0
48 and decrease of V
0
47. From the analysis of vibronic coupling constants using vibronic cou-
pling density (VCD), regional vibronic coupling constant (RVCC), and atomic vibronic coupling constant (AVCC), it
is revealed that the change in normal mode vectors (d) due to the deuteration and electron removal (or injection) leads
to the change in V .
Keywords: EDO-TTF; Tetrathiafulvalene; Isotope eﬀect; Vibronic Couping Density; Electron-Phonon Coupling;
Jahn-Teller Eﬀect; Reorganization energy; Metal-Insulator Transition; Quantum Chemistry
1. Introduction
Recently, research and development of organic materials such as organic semiconductors [1, 2, 3] and organic
superconductors [4] are very active. As examples of these materials, it is known that the family of (EDO-TTF-d0)2XF6
(X=P, As) salts shows a peculiar metal-insulator (MI) transition which is associated with the multi-instabilities of
Peierls, charge ordering, and anion ordering mechanism [5, 6]. This MI transition is accompanied with large molecular
deformation between boat-shaped neutral molecule and flattened-shaped cation. Therefore, strong coupling between
the electronic state and molecular vibration (vibronic coupling or electron-phonon coupling) is claimed to play an
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Figure 1: Schematic structure of EDO-TTF-dn(n=0, 2).
important role in this transition. Recently, Nakano et al. has reported that the deuterated (EDO-TTF-d2)2XF6 salt
undergoes MI transition at 2-3 K higher temperature than the undeuterated one [7]. This result indicates that this
transition mechanism includes the vibronic coupling.
Vibronic coupling is one of the fundamental interactions both in molecules and in extended systems [8]. The
coupling is clearly observed in Jahn-Teller systems [9, 10]. Strength of the coupling for a certain vibrational mode is
measured by a vibronic coupling constant. Recently, we have calculated the vibronic coupling for some Jahn-Teller
molecules within a spectroscopic accuracy, and we have proposed a concept of vibronic coupling density, which
provides a local picture of the coupling in a molecule [11, 12, 13]. This analysis method is extended to the totally-
symmetric normal mode of non-degenerate systems [14, 15, 16, 17, 18].
Vibronic coupling constants (VCC, V) or energy gradients (EG, g) of tetrathiafulvalene (TTF) related molecules
have been calculated by some research groups and it has been shown that C=C stretching modes tend to have large val-
ues [19, 20, 21]. However, isotope and charge eﬀects on these values have not been studied. Theoretical consideration
and control of vibronic coupling of EDO-TTF are necessary for the development of molecular electronic.
In the present work, deuteration and charge eﬀects on the vibronic coupling of the system studied by Nakano
et al. [7] are theoretically considered. This paper is organized as follows: In Section 2, VCC and EG are defined.
Calculated values of VCC and EG are shown, and isotope and charge eﬀects on these values are discussed in Section
3. In Section 4, VCC is analyzed using vibronic coupling density (VCD) [14], regional vibronic coupling constant
(RVCC) [14], and atomic vibronic coupling constant (AVCC) [15]. This paper is summarized in the last Section 5.
2. Theory
Structural change of a molecule upon a change of the molecular charge is considered as shown in Fig. 2. Optimized
geometries of EDO-TTF are taken as the reference nuclear configurations R′ (R′=R0 for neutral molecule and R′=R+
for cation). The change of molecular charge state will give rise to a force on the molecule and deformation of
geometries. The magnitude of molecular force is represented by VCC or EG. Procedure of the calculations of VCC
and EG has been shown in our previous paper [14] so that the procedure is explained here briefly.
The molecular HamiltonianH for a deformed molecule with a nuclear configuration R can be written as
H(r,R) = Tn(R) + Te(r) +U(r,R′) +
∑
i
ViQi +
∑
i
∑
j
1
2
Wi jQiQj, (1)
where
Vi =
(
∂U
∂Qi
)
R′
(2)
Wi j =
(
∂2U
∂Qi∂Q j
)
R′
(3)
U(r,R) = Uee(r) +Uen(r,R) +Unn(R). (4)
Tn(R) is a nuclear kinetic energy operator, Te(r) an electronic kinetic energy operator,Uee(r) an electronic-electronic,
Uen(r,R) an electronic-nuclear,Unn(R) a nuclear-nuclear potential operators, and Qi normal coordinate of ith mode.
Indices i and j run over all normal modes. Vi is called the electronic part of a linear vibronic operator. Expanding a
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Figure 2: Schematic potential surface and force of neutral and cationic EDO-TTF-dn upon removal and injection of one electron. Vertical axis is
the adiabatic potential energy (E) for the motion of nuclei and horizontal axis is the nuclear coordination set of EDO-TTF-dn, R. V0i and V+i are
vibronic coupling constants along a normal coordinate (Qi) in neutral and cationic states, respectively. g0i and g+i are energy gradients along Qi in
neutral and cationic states, respectively.
vibronic wave function using the crude adiabatic (CA) basis {Ψ(r, R′)} which is a set of eigenfunctions of electronic
HamiltonianHe(r,R′) at the equilibrium nuclear configuration [8], we finally obtain the vibronic Hamiltonian as
H =
∑
i
−
2
2
⎛⎜⎜⎜⎜⎝ ∂2
∂Q2i
⎞⎟⎟⎟⎟⎠ + E0 +∑
i
Vi Qi +
∑
i
1
2
ω2i Q2i (5)
where ωi is the frequency of a normal mode i of the reference system and E0 is the eigenvalues of He(r, R′). Vi is
called vibronic coupling constant (VCC) along normal mode i and is defined as
Vi = 〈Ψ(r,R′)|Vi|Ψ(r,R′)〉 (6)
In this work, VCC upon electron removal from neutral molecule:
V+i = 〈Ψ+(r,R0)|Vi|Ψ+(r,R0)〉 =
〈
Ψ+(r,R0)
∣∣∣∣∣∣
(
∂U
∂Qi
)
R0
∣∣∣∣∣∣Ψ+(r,R0)
〉
(7)
and VCC upon electron injection into cation:
V0i = 〈Ψ0(r,R+)|Vi|Ψ0(r,R+)〉 =
〈
Ψ0(r,R+)
∣∣∣∣∣∣
(
∂U
∂Qi
)
R+
∣∣∣∣∣∣Ψ0(r,R+)
〉
(8)
along Qi are calculated for both undeuterated systems (EDO-TTF-d0) and deuterated systems (EDO-TTF-d2). Super-
scripts ”0” and ”+” on the right side of Vi and so on mean that these values are obtained in neutral and cation states,
respectively.
On the other hand, within the Born-Oppenheimer (BO) approximation, vibronic wave function is expanded in
terms of the eigenfunctions {Ψ(r, R)} of He(r, R) [8], diﬀerent from CA approximation. In this case, molecular
deformation force along Qi is represented by so-called energy gradient (EG). EG of electron removal from neutral
molecule and EG of electron injection into cation along normal coordinate Qi are written as
g+i =
(
∂E+
∂Qi
)
R0
=
[
∂〈Ψ+(r,R)|U|Ψ+(r,R)〉
∂Qi
]
R0
(9)
g0i =
(
∂E0
∂Qi
)
R+
=
[
∂〈Ψ0(r,R)|U|Ψ0(r,R)〉
∂Qi
]
R+
, (10)
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Figure 3: Absolute values of forces (vibronic coupling constant and energy gradient) in the EDO-TTF molecules upon the electron removal from
neutral molecules. (a) V+i of EDO-TTF-d0, (b) V+i of EDO-TTF-d2, (c) g+i of EDO-TTF-d0, and (d) g+i of EDO-TTF-d2.
respectively.
In the case that Hellmann-Feynman theorem [22, 23] is strictly satisfied, VCC are equal to EG, g0i = V0i and
g+i = V
+
i . Both VCC and EG represent the ”force” applied to the molecule upon the change in molecular charge using
diﬀerent treatment about the expansion of molecular wave function. However, VCC is more useful for understanding
of molecular ”force” because vibronic coupling density is a distribution function of vibronic coupling constant and
can gives us a local picture of the ”force”. [11, 14]
All calculations were performed using the restricted and the unrestricted Hartree-Fock (RHF and UHF) methods.
Geometrical optimizations and self-consistent field calculations were performed with C1 symmetry. It was confirmed
that all optimized structures have no normal modes with imaginary frequencies. A set of normal mode vectors of
ith mode (νi) obtained by the frequency analysis is denoted as d0i and d+i for neutral and cationic states, respectively.
The basis set employed in all the calculations is the 6-31G basis set with its first derivatives for the satisfaction of
Hellmann-Feynman theorem [24, 25]. All calculations were performed using GAMESS program [26]. The values of
V and g in the text are in 10−4 a.u and the values of wave numbers are not scaled.
3. Results and Discussion
3.1. Electron removal from EDO-TTF
Figure 3 shows the wave number, V+i , and g+i of EDO-TTF-d0 and EDO-TTF-d2 upon electron removal from
neutral molecules. Normal modes with wave number of 1000 - 2000 cm−1 generally have large V+i and g+i . From the
comparison between Figs. 3(a) and (c) and the comparison between Figs. 3(b) and (d), we can see that the values of
V+i are almost same to those of g+i , therefore Hellmann-Feynman theorem is almost satisfied. Three normal modes
(ν046, ν047, and ν048) shown in Fig. 4(a) have large V+i and g+i . These modes include C=C stretching motion. The ordering
of |V+i | is ν048 (2.9) < ν047 (4.4) < ν046 (6.4).
Deuteration results in the red-shift of ν046 and ν
0
47 by 30 and 17 cm
−1
, respectively (Figs. 3(a) and (b)). This is
because that C9 and C10 atoms which have large displacement in these normal modes are placed near to the substituted
hydrogen atoms. Normal modes of deuterated molecules are shown in Fig. 4 (b). Projection of these three vibrational
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Figure 4: (a) Normal mode vector of EDO-TTF-d0, d0i (d0), and (b) normal mode vector of EDO-TTF-d2, d0i (d2). In this figure, arrows of vector
are elongated twice as large as those of the normalized vector.
vectors d0i (d2) onto the complete set of {d0i (d0)} gives the following results:
d046(d2) = 0.838 d046(d0) + 0.517 d047(d0) + · · · (11)
d047(d2) = 0.842 d047(d0) − 0.535 d046(d0) + · · · (12)
d048(d2) = 1.000 d048(d0) + 0.009 d047(d0) + · · · . (13)
ν046(d2) and ν047(d2) are generated from the mixture of ν046(d0) and ν047(d0). Approximately, ν046(d2) and ν047(d2) corre-
spond to ν046(d0) and ν047(d0), respectively. On the other hand, ν048(d2) completely corresponds to ν048(d0). From these
results, we can see that the deuteration has influence not only on the values of wave number but also on the values of
d0i , V
+
i , and g+i . By the change of vibrational vector, ordering of |V+i | changes to ν048 (3.0) < ν046 (3.1) < ν047 (7.1). V+47
is largely increased by the deuteration, but V+46 is largely decreased. V
+
48 is little aﬀected by the deuteration. These
results that deuteration has a great influence on the vibronic coupling of EDO-TTF is qualitatively consistent with the
experimental observation by Nakano et al. [7]
Except for these C=C stretching motions, out-of-plane motion (641 cm−1) of C9 and C10 atoms have a large
coupling constants about 0.5 (d0) and 0.5 (d2). And, C-S stretching motions (506 cm−1) of C1, C2, S3, S4, S5, and
S6 atoms have a large coupling constant about 0.6 (d0) and 0.6 (d2). However, these modes are little aﬀected by the
deuteration.
3.2. Electron injection into cationic EDO-TTF
Figure 5 shows the wave number, V0i , and g0i of EDO-TTF-d0 and EDO-TTF-d2 upon electron injection into
cations. Normal modes with wave number of 1000 - 2000 cm−1 generally have large V0i and g0i . From the comparison
between Figs. 5(a) and (c) and the comparison between Figs. 5(b) and (d), we can see that the values of V0i are almost
same to those of g0i . Five normal modes (ν+42, ν+44, ν+45, ν+47, and ν+48) shown in Fig. 6(a) have large V0i and g0i . These
modes include C=C stretching motion. H atoms of cationic state have displacement larger than those of neutral state.
The ordering of |V0i | is ν+42 (2.1) < ν+48 (2.4) < ν+44 (3.2) < ν+45 (3.4) < ν+47 (7.1).
Deuteration results in the red-shift of ν+42, ν+45, ν
+
47, and ν+48 by 1, 2, 8, and 39 cm−1, respectively (Figs. 5(a) and
(b)). This is because that C9 and C10 atoms which have large displacement in these normal modes are placed near to
the substituted hydrogen atoms. Normal modes of deuterated molecules are shown in Fig.6 (b). Projection of these
five vibrational vectors d+i (d2) onto the complete set of {d+i (d0)} gives the following results:
d+42(d2) = 0.999 d+42(d0) + 0.025 d+48(d0) + · · · (14)
d+44(d2) = 1.000 d+44(d0) − 0.005 d+48(d0) + · · · (15)
d+45(d2) = 0.956 d+45(d0) + 0.198 d+47(d0) + · · · (16)
d+47(d2) = 0.926 d+47(d0) − 0.273 d+48(d0) + · · · (17)
d+48(d2) = 0.934 d+48(d0) + 0.312 d+47(d0) + · · · . (18)
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Figure 5: Absolute values of forces (vibronic coupling constant and energy gradient) in the EDO-TTF molecules upon the the electron injection
into cations. (a) V0i of EDO-TTF-d0, (b) V0i of EDO-TTF-d2, (c) g0i of EDO-TTF-d0, and (d) g0i of EDO-TTF-d2.
ν+42(d2) and ν+44(d2) completely correspond to ν+42(d0) and ν+44(d0), respectively. On the other hand, ν+45(d2), ν+47(d2), and
ν+48(d2) are generated from the mixture of ν+45(d0), ν+47(d0), and ν+48(d0). However, ν+45(d2), ν+47(d2), and ν+48(d2) almost
correspond to ν+45(d0), ν+47(d0), and ν+48(d0), respectively. Deuteration has influence not only on the values of wave
number but also on the values of d+i , V0i , and g0i . By the change of vibrational vector, ordering of |V0i | changes to ν+42
(2.1) < ν+44 (3.2) < ν+48 (4.6) ≈ ν+45 (4.6) < ν+47 (5.1). V045 and V048 are largely increased by the deuteration, but V047 is
largely decreased. V042 and V
0
44 are little aﬀected by the deuteration as expected from the change in wave numbers.
Except for these C=C stretching motions, out-of-plane motion (618 cm−1) of C9 and C10 atoms have a large
coupling constant about 2.6 (d0) and 2.5 (d2). C-S stretching motions (522 cm−1) of C1, C2, S3, and S4 atoms also
have a large coupling constant about 2.3 (d0) and 2.3 (d2). However, these modes are little aﬀected by the deuteration.
3.3. Vibronic Coupling Density Analysis
Although the vibronic coupling constant is a number obtained from the integration (Eq. 6), there are some ap-
proaches to analyze this constant. Vibronic coupling density (VCD, η) proposed by Sato et al. [11, 14] is one of such
methods. VCD of one normal mode i, ηi(x), is defined as
ηi(x) = Δρ(x) vi(x), (19)
where Δρ(x) is electron density diﬀerence due to the electron removal or electron injection and vi(x) is potential
derivative which is dependent on vibrational vector.. vi(x) is the diﬀerence in electron-nuclear interaction at spacial
point x due to the displacements of nuclei along normal mode shown in Figs. 4 and 6. Integration of ηi(x) over all
space gives VCC:
Vi =
∫
dτ ηi(x) =
∫
dτΔρ(x) vi(x). (20)
ηi is a distribution function about x so that ηi gives a local picture of the vibronic coupling (force) in a molecule.
Magnitude of vibronic coupling can be discussed from the correspondence of the distribution of Δρ(x) and vi(x)
[11, 14]. In the case of electron removal, electron density diﬀerence is defined as Δρ+ = ρ+0 − ρ00 and potential
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Figure 6: (a) Normal mode vector of EDO-TTF-d+0 , d+i (d0), and (b) normal mode vector of EDO-TTF-d+2 , d+i (d2).. In this figure, arrows of vector
are elongated twice as large as those of the normalized vector.
derivative v0i is obtained from d0, where ρ+0 (ρ00) is the electron density distribution calculated in cationic (neutral)
state with equilibrium nuclear configuration in neutral state, R0. Product of Δρ+ and v0i gives η+i and is the distribution
of force in EDO-TTF due to the electron removal. Integration of η+i over all space,
∫
dτ η+i , gives V+i . In the case of
electron injection, electron density diﬀerence is defined as Δρ0 = ρ0+ − ρ++ and potential derivative v+i is obtained from
d+i , where ρ0+ (ρ++) is the electron density distribution calculated in neutral (cationic) state with equilibrium nuclear
configuration in cationic state, R+. Product of Δρ0 and v+i gives η0i and is the distribution of force in EDO-TTF due to
the electron injection. Integration of η0i over all space,
∫
dτ η0i , gives V0i .
Figures 7 (a) and (b) show Δρ+ and Δρ0, respectively. The distribution of Δρ+ and Δρ0 is similar to the distribution
of the highest occupied molecular orbital (HOMO, Fig. 7 (c)) in neutral state. However, relaxation of electron
distribution due to the electron removal or electron injection results in more complicated distribution around nucleus.
Figure 8 shows potential derivative v0i (x) along d0i and vibronic coupling density η+i (x) upon electron removal
from neutral EDO-TTF-d0 and -d2. ν046(d0) is strong C1=C2 stretching mode so that values of v0i (x) on C1=C2 bond
is positive (white) because electron-nuclear attractive potentials is weakened by the displacement. Δρ+ has negative
value (black) on C1=C2 bond. Therefore, η+i (x), which is a product of Δρ+ and v0i (x), has negative value (black)
on C1=C2 bond. The distribution of η+i (x) is generally complicated because the distribution of Δρ+ is complicated.
ν046(d0) also has large distribution of v046(x) on C9=C10 bond but has not so large distribution of η+46(x) on C9=C10
bond. This is because that the distribution of Δρ+ on C9=C10 bond is small. The distribution of potential derivative
due to C1=C2 motion coincides with the distribution of electron density diﬀerence, but that of C9=C10 motion does
not. η+46(x) has a large distribution on C1=C2 bond so that C1=C2 motion has large contribution to the value of V+46.
Almost same discussion can be applied to ν047(d0), but the displacement of C1 and C2 atoms of ν047(d0) is a little smaller
than that of ν046(d0). Therefore, value of v047(d0) around C1=C2 is a little smaller than that of ν046(d0) and V+47 is smaller
than V+46. ν
0
48(d0) includes strong C7=C8 motion so that ν048(d0) has large distribution around C7=C8. However, value
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Figure 7: Electron density diﬀerence upon (a) electron removal from EDO-TTF, Δρ+, and (b) electron injection into (EDO-TTF)+, Δρ0. Black
region (negative region) means a decrease of electron and white region (positive region) means a increase of electron. For comparison, electron
distribution of HOMO of neutral EDO-TTF is also shown in (c).
of Δρ+ around C7=C8 is a little smaller than that around C1=C2 so that η+48(x) on C7=C8 is a little smaller than that
on C1=C2 of v046(d0) and v048(d0). Additionally, η+48(x) on C1=C2 has negative value (black), so that V+48 is smaller
than V+46 and V
+
47.
Deuteration has influence not on Δρ+ but on v0i (x). Vibrational vector of ν048(d2) is almost same to ν048(d0) so that
the value of V+48(d2) is almost same to that of V+48(d0). By deuteration, C1=C2 motion of ν046 is decreased and C9=C10
motion of ν046 is increased. However, interaction of C9=C10 motion with Δρ
+ is small because the distribution of Δρ+
on C9=C10 is small. Therefore, V+46 decreases upon deuteration. On the other hand, C1=C2 motion of ν
0
47 is increased
and C9=C10 motion of ν047 is decreased. Interaction of C1=C2 motion with Δρ
+ is strong because the distribution of
Δρ+ on C1=C2 is large. Therefore, V+47 increases upon deuteration.
Figure 9 shows potential derivative v+i (x) along d+i and vibronic coupling density η0i (x) upon electron injection
into cationic EDO-TTF-d+0 and -d+2 . ν+42(d0), ν+44(d0), ν+45(d0), and ν+47(d0) include C1=C2 stretching motion. C1=C2
stretching motion strongly couples to Δρ0 on C1=C2 so that these modes have large ηi(x) distribution on C1=C2 and
have large V0i . ν
+
48(d0) includes strong C9=C10 stretching motion and this motion interacts moderately with electrons
on C9=C10 bond. Four modes except for ν+44(d0) have C7=C8 motion. ν+44(d0) has large C13-C14 motion, but this
motion does not interact with Δρ0 so that the value of V044 is small. ν
+
47(d0) includes both strong C1=C2 stretching
and strong C9=C10 stretching motions so that this mode has the largest Vi in all modes of d0. ν+42(d0) has the smallest
values because the η042 on C1=C2 bond has negative value but η
0
42 on C7=C8 bond has positive value.
Deuteration has little influence on ν+42 and ν+44. Therefore, V042(d2) and V044(d2) are almost same to V042(d0) and
V044(d0), respectively. ν+45(d2) is almost same to ν+45(d0), but ν+45(d2) has a little larger C1=C2 motion than ν+45(d0).
Therefore, V045(d2) is a little larger than V045(d0). Similarly, ν+48(d2) has larger C1=C2 stretching motion than ν+48(d0)
so that V048(d2) is larger than V048(d0). On the other hand, V047(d2) is a little smaller than V047(d0) due to the decrease in
C7=C8 stretching motion.
3.4. Atomic contribution to Vibronic Coupling
Although vibronic coupling density η(x) can give a local picture of molecular force, the distribution of η(x) is
generally much complicated. Therefore, some methods to analyze vibronic coupling by calculating the atomic contri-
bution to the vibronic coupling constant have been proposed [14, 15]. Regional vibronic coupling constant (RVCC,
Vi,r) [14] and atomic vibronic coupling constant (AVCC, Vi,a) [15] are examples of such methods. Values of RVCC
represent the magnitude of the interaction between one normal mode and a part of electrons which belong to one
nucleus. On the other hand, values of AVCC represent the magnitude of the interaction between a displacement of
one nucleus along one normal mode and all electrons. Integration of RVCC and AVCC over all nuclei gives VCC.
Table 1 shows the values of RVCC and AVCC of C atoms of three C=C bonds. The values of RVCC and AVCC
show similar tendency. About electron removal from neutral molecule (V+i,r and V+i,a), C1 and C2 atoms of ν046(d0) and
ν047(d0) have large values. As expected from the colors of lobes of η+i in Fig. 8(a), ν046(d0) has negative RVCC and
AVCC values and ν047(d0) has positive RVCC and AVCC values for C1 and C2 atoms. It is clear that C1=C2 stretching
motion mainly contribute to the vibronic coupling of ν046(d0) and ν047(d0). Deuteration results in the decrease of values
of C1 and C2 atoms for ν046 and increase for ν
0
47 due to the change in C1=C2 motion. On the other hand, ν
0
48(d0) have
large values around C7 and C8 atoms rather than C1 and C2 atoms. Deuteration has little influence on the values of
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Figure 8: Potential derivative (v0i (x)) due to the displacement along d0i and vibronic coupling density (η+i (x)=Δρ+(x) v0i (x)) upon electron removal
from EDO-TTF. Figure (a) shows the results of ν046, ν047, and ν048 modes of d0 molecule. Figure (b) shows the results of ν046, ν047, and ν048 modes of
d2 molecule. About the results of v+i (x) and η0i (x), white region means positive and black region means negative values.
Table 1: Calculated regional vibronic coupling constant Vi,r (10−4 a.u.) and atomic vibronic coupling constant Vi,a (10−4 a.u.) of C atoms of three
C=C bonds. Values out of braces (in braces) are values of d0 molecules (d2 molecules).
RVCC C1 C2 C7 C8 C9 C10
V+46,r -2.9 (-1.3) -3.2 (-1.4) -0.1 ( 0.0) -0.1 ( 0.0) -0.5 (-0.9) -0.5 (-0.9)
V+47,r 2.3 ( 3.5) 2.5 ( 3.8) 0.2 ( 0.2) 0.2 ( 0.2) -0.6 (-0.3) -0.6 (-0.3)
V+48,r -0.6 (-0.6) -0.5 (-0.5) 2.1 ( 2.1) 2.2 ( 2.2) 0.0 ( 0.0) 0.0 ( 0.0)
V042,r -2.6 (-2.6) -2.5 (-2.4) -0.3 (-0.3) -0.3 (-0.3) -0.1 (-0.1) -0.1 (-0.1)
V044,r 1.5 ( 1.4) 1.4 ( 1.4) 0.3 ( 0.3) 0.2 ( 0.2) 0.0 ( 0.0) 0.0 ( 0.0)
V045,r 1.0 (-1.4) 1.0 (-1.4) -0.4 (-0.5) -0.5 (-0.6) 0.1 ( 0.2) 0.0 ( 0.2)
V047,r -1.9 (-1.6) -2.0 (-1.6) -0.9 (-0.6) -0.9 (-0.6) 0.2 ( 0.4) 0.2 ( 0.4)
V048,r -0.1 (-0.6) -0.2 (-0.6) -0.6 (-0.9) -0.6 (-0.9) -0.7 (-0.8) -0.7 (-0.7)
AVCC C1 C2 C7 C8 C9 C10
V+46,a -2.8 (-1.2) -2.7 (-1.1) -0.2 (-0.1) -0.2 (-0.1) -0.2 (-0.3) -0.2 (-0.3)
V+47,a 2.2 ( 3.3) 2.3 ( 3.3) 0.2 ( 0.3) 0.2 ( 0.3) -0.3 (-0.1) -0.3 (-0.1)
V+48,a -0.6 (-0.6) -0.5 (-0.5) 1.9 ( 1.9) 1.9 ( 1.9) 0.0 ( 0.0) 0.0 ( 0.0)
V042,a -2.5 (-2.5) -2.1 (-2.1) 0.9 ( 0.9) 1.0 ( 1.0) 0.0 (-0.1) -0.1 (-0.1)
V044,a 1.4 ( 1.4) 1.3 ( 1.3) 0.1 ( 0.1) 0.1 ( 0.1) 0.0 ( 0.0) 0.0 ( 0.0)
V045,a -0.9 (-1.3) -1.0 (-1.4) -0.7 (-0.1) -0.7 (-0.1) 0.0 ( 0.2) 0.0 ( 0.1)
V047,a -1.7 (-1.4) -1.9 (-1.6) -1.5 (-1.0) -1.6 (-1.0) 0.1 ( 0.4) 0.1 ( 0.2)
V048,a -0.1 (-0.6) 0.1 (-0.5) -0.6 (-1.3) -0.8 (-1.3) 0.3 (-0.8) -0.4 (-0.3)
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Figure 9: Potential derivative (v+i (x)) due to the displacement along d+i and vibronic coupling density (η0i (x)=Δρ0(x) v+i (x)) upon electron injection
into EDO-TTF+. Figure (a) shows the results of ν+42, ν+44, ν+45, ν+47, and ν+48 modes of d0 molecule. Figure (b) shows the results of ν+42, ν+44, ν+45, ν+47,
and ν+48 modes of d2 molecule. About the results of v
+
i (x) and η0i (x), white region means positive and black region means negative values.
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C7 and C8 atoms of ν048. By the calculation of RVCC and AVCC, it is found that C7=C8 stretching motion of ν
0
48(d0)
has smaller coupling than C1=C2 stretching motions of ν046(d0) and ν047(d0) but has larger coupling than ν046(d2).
About electron injection into cation (V0i,r and V0i,a), C1 and C2 atoms of ν+42(d0), ν+44(d0), ν+45(d0), and ν+47(d0) have
large values. Among these four modes, ν+47(d0) has the largest value of V because this mode also have large RVCC
(AVCC) not only on C1 and C2 atoms but also on C7 and C8 atoms. ν+42(d0) also have large RVCC (AVCC) on C7
and C8 atoms but the sign of these values are opposite to the sign of the values of C1 and C2 atoms. Therefore, the
values of ν+42(d0) are smallest. ν+48(d2) has large values around C7, C8, C9, and C10 atoms rather than C1 and C2
atoms. Deuteration has little influence on the values of ν+42(d0) and ν+44(d0). Values of C1 and C2 atoms of ν+45 and ν+48
are increased by deuteration because C1=C2 stretching mode is enhanced. For ν+48(d0), values of C7 and C8 are also
increased. Inversely, values of C1, C2, C7, and C8 are decreased for ν+47(d0) because C1=C2 and C7=C8 stretching
motions are weakened. All these results are consistent with the distribution of VCD, ηi(x).
4. Conclusions
Isotope and charge eﬀects on vibronic coupling constant (Vi) and energy gradient (gi) along ith normal mode
of EDO-TTF-dn(n = 0, 2) upon the electron injection into cation and electron removal from neutral molecule were
considered. It was found that normal modes which include C=C stretching motion generally have large Vi and gi.
Some of C-C bending modes and C-S stretching modes have large Vi and gi, but these modes are little aﬀected by
deuteration. Hellmann-Feynman theorem is almost satisfied by using the 6-31G basis set with its first derivatives. For
electron removal, three normal modes (ν046, ν047, and ν048) have large V+i and g+i , and deuteretion results in the great
change in the values of wave number, V+i , and g+i of ν046 and ν
0
47. The value of V
+
47 is increased and that of V+46 is
decreased. For electron injection, five normal modes (ν+42, ν+44, ν+45, ν+47, and ν+48) have large V0i and g0i and deuteration
results in the great change in the values of ν+45, ν
+
47, and ν+48. The values of V045 and V
0
48 are increased and that of V
0
47 is
decreased. These results that deuteration has a great influence on the vibronic coupling of EDO-TTF is qualitatively
consistent with the experimental observation by Nakano et al. [7] From the analysis using vibronic coupling density
(ηi(x)), regional vibronic coupling constant (Vi,r), and atomic vibronic coupling constant (Vi,a), it is revealed that the
change in normal mode vector d leads to the change in vi(x), ηi(x), and Vi.
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